We show the 13 TeV proton-proton collider simulation in a ν-two-Higgs-doublet-model (ν-THDM). The heavy charged Higgs bosons are produced in pairs through the electroweak processes and decay to the light sterile neutrinos (lighter than the W/Z boson masses). The light sterile neutrino further decays into a jet-like object with a muon in it. This helps us discriminate the signal from the backgrounds with the standard model jets.
I. INTRODUCTION
The see-saw mechanisms [1] [2] [3] [4] [5] introduce some right-handed, or sterile neutrinos with extremely heavy Majorana masses (∼ 10 9−12 GeV) to create the light neutrino masses ( 0.1 eV according to the oscillation data). However, such a sort of model is far beyond the ability for being probed on a collider. If we reduce the masses down to about 1 TeV, the Yukawa coupling among the sterile neutrinos, left-handed neutrinos and the Higgs doublet are predicted to be so small, that it is nearly impossible to produce a signal on a collider in reality. In the literature, there are some alternative models within which we can obtain a TeV-scale sterile neutrino as well as a relatively stronger connection with the standard model (SM) sectors. One group of such models utilizes the pseudo-Dirac sterile neutrinos (For examples, Ref. [6] [7] [8] ) with a relatively larger Yukawa coupling y, yet the collider searching still involves hunting within an extremely small fraction of a Z ( * ) /W ( * ) -decay products (See [9] [10] [11] for some experimental results. See [12] [13] [14] [15] [16] [17] [18] [19] ). Another approach on the collider is to associate the see-saw mechanisms with other new physics models [20] [21] [22] [23] [24] [25] . We can therefore look into the sterile neutrino with the aid of the other new physics particles.
In this paper, we consider a situation that the charged Higgs boson mainly decay to a sterile neutrino plus a charged lepton. This scenario can be found in some ν-Two-HiggsDoublet models (νTHDM) [26] [27] [28] [29] . The collider phenomenology has also been studied in the literature, too [30, 31] . However, as we know, an interesting parameter space m N m H ± , and m N m Z/W remains to be a gap in careful study. In this area, each largely-boosted sterile neutrinos decay into a single jet-like collimated object so that the usual method for the separated objects loses effectiveness (For some neutrino jet works, see Ref. [32, 33] ).
Sometimes, if the m N < m W/Z , the three-body suppression on the sterile neutrino's decay width will reveal a secondary vertex for us to discriminate the signal (as being addressed in the Ref. [30] ). However, the decay length depends on the model parameters and is possible to be well below the 1 cm scale. Therefore, in our discussions, we neglect all the secondary vertex informations and treat the signal/SM backgrounds in the usual way. Unlike most of the SM-jets, the sterile neutrino jets usually contain leptons. This feature has been applied in, e.g., the Ref. [16, 17] to search for the lepton jets decayed from the sterile neutrinos.
However, we mainly consider the hadronical decay and other new physics sector participates the processes in this paper. We also apply this feature to eliminate the background efficiently.
where Φ 1,2 are the two Higgs doublets with the hypercharge Y = 
The sterile neutrino together with the left-handed lepton doublets couple with the Φ 1 . In this paper, without loss of generality, we consider only one sterile neutrino N . Therefore the corresponding Lagrangian is given by
where m N is the mass for the sterile neutrino and Y i , i = 1, 2, 3 are the Yukawa coupling constants corresponding to the e, µ, τ lepton doublets.
In the following discussions, we do not need to care about the details of the electroweak symmetry breaking, nor do we need to discuss the neutral Higgs bosons. After the electroweak symmetry breaking, we acquires a coupling
where
is the ratio of the Φ 1,2 vacuum expectation values, and H ± is the charged Higgs with the mass of m H ± . In the large tan β 1 case, the (4) becomes the most significant coupling for the H ± to decay, and therefore H ± → l ± N will become the dominant decay channel when m N < m H ± .
On a proton-proton collider, the H + H − pairs can be produced via either s-channel γ * , Z * , or off-shell Higgs particles h * , H * . The off-shell Higgs particle channel is usually negligible due to the rather small light quark-Higgs coupling constants, except in some special cases when λ 3 or λ 4 is very large. Therefore in this paper, we only consider the→ Z
m N m H ± , the decay products for N will be largely boosted into two jet-like objects.
Another important thing that we should mention is the decay length of the sterile neutrino N . In fact, the smallness of the left-handed neutrino masses constrain the Y i cos β < 10 −6 , which in turn amplify the decay length up above 1 m. This will destroy most of our results discussed in this paper. However, the model we apply in this paper is only a simplified model. In reality, this can be quite different in the case of the existence of the other sterile neutrino singlets. For example, in the Ref. [35] , the appearance of the pseudo-Dirac sterile neutrinos will allow a much larger Y i cos β ∼ 10 −3 in a naturally smaller tan β case. Most of the results that our paper will remain undisturbed in such cases. Furthermore, the current bounds from various experiments on the mixing parameters
are no less than 10 −6 . In this paper, we only care about the parameter space near these bounds, just as many theoretical and experimental works in the literature.
Therefore we do not consider the possibility of the secondary vertex cases.
III. SIMULATION DETAILS AND RESULTS
In this paper, we concentrate on the pp → Z * /γ The muons appeared in the decay products can also be replaced by electrons or taus.
Here we have chosen the muon channels for the collider's distinctive ability to identify a muon, especially for a muon inside a jet. As for the electron cases, we can estimate the corresponding SM-background from the result in this paper due to the leptonic universality in the SM. However, one should be aware of the more difficulties in identifying an electron inside a jet than a muon in reality when he wants to infer our result to the other lepton cases.
The missing energy is predicted to be small in our expected signal. The reducible backgrounds with neutrinos ought to be eliminated by applying the transverse missing energy (MET) cuts. However, the pile-up effects on future high luminosity colliders might seriously smear the MET distributions in both the signal and the background events, making it difficult to separate them. There are three main sources of the reducible backgrounds with neutrinos: from the τ + τ − 's leptonic decay, from the gauge bosons
and ZZ → ννµ + µ − decay associated with bb, and the tt → bbW
leptonic decay is suppressed by the relatively small branching ratio, and these less energetic muons have much less chances to pass the kinematic cuts. gauge boson decay channels are further reduced by the higher order of the coupling constants. The only significant reducible channel is the pp → tt → bbµ + µ − νν. Therefore, in this paper, we only consider the tt channel among all the reducible backgrounds. Delphes with its CMS card shows that the MET distribution of the signal sample is also rather significant even in the case without pileup. Such MET might due to the mismeasurement of a jet momentum and usually the direction of the missing energy is parallel to one of the jets, therefore ∆φ MET-j can be a ideal parameter to cut the reducible background. However, in this paper, the jets are from the generator-level particles for a preliminary study, and the future techniques and performances of the missing energy measurements and the influence of pile-up effects are unknown.
Therefore, in this paper, we do not apply the MET cuts during the event selection processes and show our results in two situations: pp → tt is not considered (naming "no-tt"), or it is considered (naming "with-tt"). These indicate the two extreme situations that the reducible backgrounds can be fully cut out or not in the future.
We generate our events through the FeynRules+MadGraph5 aMC+PYTHIA8+Delphes [36] [37] [38] [39] . The informations of the isolated muons come from the Delphes results. However, we cluster the generator-level particles (with the isolated muons deducted) by ourselves with the FastJet. The event selection criteria are given by:
• two isolated muons with at least two p T ≥ 50 GeV and |η| <= 5.0 jets appear. The We then tag the jets as the decay product of a sterile neutrino by examining each constituent within the jet. If there is a muon carrying more than 30% of the total jet energy, then this jet is tagged as a "N-jet". The events containing at least one tagged N-jet is suffixed by "-1N-jet", and the ones with two tagged N-jet is suffixed by "-2N-jet". We should also note that we have assumed that 100% of the muons inside a jet can be perfectly identified by the detector, with no mis-identification rate of the other particles. (For some muon identification discussions on the current CMS detector, see Ref . [40] [41] [42] . One can find the identification and misidentification rates there if he needs a careful simulation. Ref. [42] had also mentioned to identify a muon inside a b-jet.)
Leptons rarely appear in a SM jet, although there are some semi-leptonic decay channels from a short-lived hadron, especially for B-mesons. Both the b-jets and the other jets have a non-ignorable chance to fake a sterile-neutrino jet, however the probability is so small that it is rather difficult to generate a background "-2N-jet" sample. Nevertheless, we can divide the tagged jet number by the total jet number to estimate the "mistagging rate" R j,b µ for each jjll or bbll samples, the "j" or "b" indicate the udcsg-jets or the b-jets respectively. Finally we can calculate the R Besides the electroweak pp → H + H − cross sections σ pp→H + H − , the signal cross sections also depend on the branching ratios of the H ± → µ ± N and N → µ ±decay channels.
All these factors can be characterized by one single parameter , defined by σ µ− channels =
We have calculated the total pp → H + H − cross sections as well as the cut efficiencies R SIG-X for each m H ± ∈ [100, 400] GeV in a 25
GeV interval and m N ∈ [10,
+5] GeV in a 2.5 GeV interval. We do not discuss the case of m N < 10 GeV because the PYTHIA8 might not be able to give us a reliable showering and hadronization result in this case. Part of the direct result is listed in the Tab. III. In the Tab. III, we fix the m N at 10 GeV for the limited size of the table.
In the Fig. 2, 3 , we have shown the minimum for the significance defined by 2((S + B) ln(1 + S/B) − S) = 5 in the luminosity of 3 ab −1 as proposed by the HL-LHC. Both the "-1N-jet" and the "-2N-jet" results are plotted. For comparison, we have also shown in the Fig. 4 the results on the 100 fb −1 , which can be reached in the near future.
Here, only the "-2N-jet" results are plotted. Again, both "no-tt" and "with-tt" situations are plotted. 
IV. DISCUSSIONS
In the case of the Majorana sterile neutrino, the same-sign charged lepton signals could appear. We should note that the isolated leptons decayed directly from the H ± are definitely oppositely charged. Therefore we should concern the charges of the leptons appeared inside the jets. As we know, we have not seen any in the literature addressing the charge identification performance in such a case. Further more, in the pseudo-Dirac sterile neutrino case, there should not be any significant same-sign lepton signals. In order for a safe and careful discussion, and the convenience to transfer our results to the pseudo-Dirac cases, we did not discuss about such a kind of signal.
As we have mentioned, we have only calculated the results of the muon-channels, but our results can be transferred to the H ± → e ± N channels. However, it is difficult to discriminate the electron within the N → eqq jets. If we again let the N → µqq while keeping the H ± still decaying to isolated electrons, the channel H ± → µ ± N is also inevitable. Therefore a lepton flavour violation e ± µ ∓ signal could arise, giving a rather significant signal in the case that tt backgrounds can be effectively eliminated.
Compared with the hadron-hadron colliders, the e + e − collider provides a cleaner background. As we know, there are currently proposals of the Circular Electron Positron Collider (CEPC) [43, 44] , the International Linear Collider (ILC) [45, 46] , the Compact Linear Collider (CLIC) [47, 48] and the e + e − project of the Future Circular Collider (FCC-ee) [49, 50] .
the CEPC and the FCC-ee are circular colliders with no proposals for √ s 500 GeV as we have learnt, while both the ILC and the CLIC have plans to run at √ s 1 TeV scale.
On the e + e − collider, the sterile neutrino pairs can be directly produced through the In the signal-background analysis on the e + e − collider, at least one more technique can be applied for suppressing the background. In fact, unlike the sterile neutrino, B-meson's semi-leptonic decay also produces a neutrino, therefore the missing energy arises. Due to the more precise measurement of the total missing energy and the no pile-up environment, the missing energy can also become a good kinematic handle to cut the background.
V. CONCLUSIONS
In this paper, we have discussed about the collider simulation in a particular parameter space in the ν-THDM. The light sterile neutrinos are hereby decay product of the heavy charged Higgs boson. In the m N m ± H cases, the muons appeared in the collimated decay products of the sterile neutrinos can help us discriminate the N -jets from the QCD jet backgrounds. We have shown that these backgrounds can be effectively suppressed.
In some parameter space, future proton-proton 3000 ab −1 collider can be sensitive to the 0.01 cases. The reducible pp → tt background plays an important role in the sensitivity.
Further knowledges on the collider designs and performances should be well-studied before trying to eliminating this channel.
